The steady-state pharmacokinetics of efavirenz and nevirapine, when used in combination to treat human immunodeficiency virus type 1 (HIV-1)-infected subjects, were investigated. HIV-1-infected persons who had used efavirenz (600 mg once daily) for у2 weeks were eligible for study inclusion. The plasma pharmacokinetics of efavirenz were determined over 24 h. Subsequently, nevirapine (400 mg once daily) was added to the regimen. After 4 weeks, the pharmacokinetics of efavirenz and nevirapine were assessed over 24 h. The differences between the pharmacokinetic parameters of efavirenz with and without nevirapine were analyzed, and the pharmacokinetics of nevirapine were compared with those in historical control patients. The exposure to efavirenz when combined with nevirapine was significantly decreased by 22% (area under the plasma concentration vs. time curve), 36% (minimum plasma concentration), and 17% (maximum plasma concentration). Nevirapine pharmacokinetics appear to be unaffected by coadministration of efavirenz, compared with data from historical control patients.
The currently recommended regimen for initiation of therapy for human immunodeficiency virus type 1 (HIV-1) infection consists of 2 nucleoside reverse-transcriptase inhibitors (NRTIs) and 1 or 2 protease inhibitors (PIs), 2 NRTIs, and 1 nonnucleoside reverse-transcriptase inhibitor (NNRTI), or 3 NRTIs [1] . During the last several years, a number of alternative regimens have been tested in clinical trials, such as triple NRTI regimens [2, 3] . Other possible combinations are a single PI and 1 NNRTI or 2 PIs [4] [5] [6] .
Another strategy, not yet evaluated, consists of administering 2 NNRTIs (e.g., nevirapine and efavirenz), with a backbone of 2 NRTIs. When these 2 agents are combined, the possibility exists that compartments or sanctuaries of the body may be more effectively reached. For example, if nevirapine penetrates Received a designated compartment (e.g., the brain, testes, or specific cell types) better than does efavirenz, efavirenz could penetrate another specific compartment better than does nevirapine. A further potential benefit is that the total NNRTI exposure is increased and more pressure is put on viral replication, while efavirenz and nevirapine have different toxicity profiles.
In a large clinical trial (designated "2NN" for double nonnucleoside) and in a smaller cohort study, the concomitant use of efavirenz and nevirapine is being explored, but no formal pharmacokinetic study is available to describe the combined use of these 2 NNRTIs [7] . A pharmacokinetic study is necessary, since both efavirenz and nevirapine are metabolized by, and influence, the activity of cytochrome (CYP) P450 isoenzymes, and changes in expected exposure to these NNRTIs might occur. The major isoenzymes that are responsible for the biotransformation of efavirenz are CYP3A4 and 2B6. In vivo, efavirenz causes induction of the CYP3A4 isoenzyme and increases the biotransformation of several drugs that are metabolized by CYP3A4. In vitro studies also have shown that efavirenz inhibits the CYP isoenzymes 2C9, 2C19, and 3A4 at concentrations in the range of those achieved clinically [8] . In vitro studies of nevirapine biotransformation have demonstrated that the isoenzymes CYP3A4 and CYP2B6 are responsible for the metabolism of nevirapine and, to a lesser extent, CYP2D6 [9] . The metabolism of both efavirenz and nevirapine is an autoinducible enzymatic process [8, 9] . From the available data, it is not possible to predict whether the steady-state pharmacokinetic parameters of efavirenz and/or nevirapine would be altered when the drugs are coadministered. This study investigated whether the steady-state plasma pharmacokinetics of efavirenz or nevirapine in HIV-1-infected patients are affected by the coadministration of nevirapine and efavirenz.
Patients and Methods
Patients. HIV-1-infected persons were recruited during June through August 1999 from the outpatient clinics of the St. Paul's Hospital, Vancouver; the Chelsea and Westminster Hospital and the Royal Free Hospital, London; and the South Florida Bioavailability Clinic, Miami. Patients у18 years old with confirmed HIV-1 infection were eligible if they had taken efavirenz as part of their antiretroviral regimen in a dose of 600 mg once daily for у2 weeks and if they had plasma HIV-1 RNA concentrations !400 copies/mL. However, a physician could include a patient with 1400 copies/mL in plasma who had no other treatment options available.
Exclusion criteria included the concomitant use of a PI or malabsorption, nausea, emesis, abdominal discomfort, chronic diarrhea, documented active clinically relevant hepatitis, any ongoing opportunistic infection, or the expectation that a patient's drug regimen or dosage would be changed during the study. Women of reproductive potential who were unwilling to use an effective method of contraception during the study period or who were pregnant or breast-feeding were not eligible.
Laboratory exclusion criteria were a hemoglobin concentration
.5 mmol/L (women), alanine aminotransferase (ALT) or aspartate aminotransferase (AST) concentrations 15 times the upper limit of normal, and a serum creatinine concentration 11.5 times the upper limit of normal. The target sample number (n) was determined on the basis of an a priori selection of and , an estimated coefficient a p .05 b p .1 of variation in pharmacokinetic parameters of efavirenz of 20%, and a minimum detectable difference in efavirenz pharmacokinetic parameters of ∼20%. These criteria resulted in a minimum of 13 patients. Continuation of concurrent medication at the time of enrollment was allowed. Plasma HIV-1 RNA concentrations were locally determined at screening and on days 29 and 43.
Study design. At the screening visit, patients were instructed to continue the ingestion of efavirenz capsules (600 mg; 200-mg capsules of Sustiva, DuPont Pharmaceutical) in the morning (∼9 A.M.) for the complete study period (until day 43 of the study). After 2 weeks (i.e., day 15 of the study), the pharmacokinetic profile of orally administered efavirenz was assessed over 24 h. The next day, nevirapine (200-mg tablets of Viramune; Boehringer Ingelheim) was added to the regimen in a dosage of 200 mg once daily in the morning. Participants were instructed to ingest efavirenz and nevirapine simultaneously in the morning of each study day at about the same time. After 2 weeks (i.e., study day 29), the dosage of nevirapine was increased to 400 mg once a day in the morning. On day 43, the pharmacokinetic profiles of orally administered efavirenz and nevirapine during 24 h were assessed. Use of nevirapine was stopped after study day 43, and the patients continued their prestudy antiretroviral regimen. Blood was drawn to determine hemoglobin, ALT, AST, bilirubin, alkaline phosphatase, and serum creatinine levels at the screening visit and at study days 15 and 43.
Drug administration and sampling. On days 15 and 43 of the study, participants came to the hospital between 8 and 9 A.M. after an overnight fast. No drugs had been ingested at that time. Efavirenz (study day 15) or efavirenz simultaneously with nevirapine (study day 43) was ingested with a glass of water (observed intake).
Other prescribed drugs were administered 90 min after intake of the NNRTIs during a standard breakfast. Blood samples were drawn at designated time intervals associated with the ingestion of the study medication. Venous blood (5 mL) was drawn just before ingestion of the study drugs and 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 2.5, 3, 4, 5, 6, 7, 8, 10, 12, and 24 h after ingestion. Blood samples were collected in heparinized tubes, and, within 1 h after the samples were drawn, plasma was separated by centrifugation at 900 g for 10 min. Plasma was subsequently stored at Ϫ70ЊC until analysis. Bioanalysis of nevirapine and efavirenz. Concentrations of nevirapine in plasma were quantitatively determined at the Laboratory of the Department of Pharmacy and Pharmacology of Slotervaart Hospital, Amsterdam, with sensitive and validated reversed-phase high-performance liquid chromatographic (HPLC) assays with UV detection [10, 11] . For both assays, sample pretreatment consisted of protein precipitation with acetonitrile. Subsequently, both compounds were separated from endogenous compounds by isocratic reversed-phase HPLC.
Pharmacokinetic analysis. Plasma concentration data, , C Ϫ T where concentration and , were analyzed by C p plasma T p time noncompartmental methods [12] . The highest observed plasma concentration was defined as the C max , with the corresponding sampling time as T max . The area under the plasma concentration versus time curve from 0 to 24 h (AUC [0-24 h] ) was obtained by using the trapezoidal rule. The concentration 24 h after ingestion of the drugs was defined as the trough concentration (C min ). The terminal loglinear period (log C vs. T) was defined by the last data points ( ) by visual inspection. The absolute value of this slope (b/ n у 3 1n10) was calculated by least squares regression analysis. The elimination half-life (t ½ ) was calculated as t ½ p1n2/b. The apparent oral clearance (Cl/F, where F represents the oral bioavailability of efavirenz or nevirapine) was calculated by dividing the dose by the AUC [0-24 h] . The apparent volume of distribution (V/F) was calculated by dividing Cl/F by b.
Statistical analysis. Statistical calculations were done with SPSS for Windows software (version 6.1; SPSS). To detect a difference in the pharmacokinetic parameters of efavirenz on days 15 and 43, we used the Wilcoxon matched pairs signed-rank test. The Mann-Whitney U test was used to compare the pharmacokinetic parameters of nevirapine when administered in combination with efavirenz with those of nevirapine when administered as a single NNRTI (historical controls). These historical controls were obtained from a pharmacokinetic study of 20 HIV-1-infected subjects [13] . That study investigated and compared the steady-state plasma pharmacokinetics of nevirapine in a dosing regimen of 400 mg once daily versus 200 mg twice daily. The study participants had been taking nevirapine as part of their antiretroviral regimen and were randomized to continue the current regimen (200 mg twice daily) or to switch to the alternate regimen (400 mg once daily). The steady-state plasma pharmacokinetics of nevirapine were assessed after 2 weeks over 24 h. Subsequently, patients were switched to the alternate regimen, and the pharmacokinetics of nevirapine were assessed again after 2 weeks. The nevirapine plasma concentrations in the samples were analyzed by using the same analytical method and in the same laboratory [13] . The pharmacokinetic data from the once daily regimen were used for comparison with the present study. was considered statistically significant. P р .05
Results

Patients
Nineteen male patients were included in this study. Two patients were excluded from data analysis because they underwent pharmacokinetic sampling only on study day 15. The first patient ceased participation because of family circumstances and the second because of nausea and feeling unwell when nevirapine was introduced on study day 16. Three other patients were excluded from analysis because they ingested nevirapine only at the pharmacokinetic study day 43 and were not at steady state. The predose concentrations of efavirenz in 2 of the 3 subjects were 0.72 and 0.62 mg/L; that of the third subject was below the lower limit of quantitation (0.01 mg/L). All predose nevirapine plasma concentrations were below the lower limit of quantitation (0.02 mg/L). The 24-h postdose concentrations of efavirenz and nevirapine were 0.89, 0.82, and 0.65 and 1.69, 2.76, and 2.90 mg/L, respectively. On the basis of these data, these 3 patients were omitted from the analyses.
The baseline characteristics of the remaining 14 evaluable patients are shown in table 1. Concomitantly administered drugs (including their doses) were not changed during the study period. All patients used efavirenz in combination with a backbone of 2 or more NRTIs. One patient also took fluconazole. Baseline characteristics of the historical controls with respect to age, HIV-1 RNA plasma concentration, and clinical chemical parameters were comparable with those of the study population. Five historical controls were women, and relevant comedications included indinavir (3 patients), nelfinavir (2), ritonavir (5), saquinavir (2), and fluconazole (1) [13] .
HIV-1 RNA Plasma Concentration
The HIV-1 RNA plasma concentrations remained stable in all 14 evaluable patients during the study period. Twelve of 14 patients had an undetectable HIV-1 RNA plasma concentration at baseline (!50 copies/mL) and had an undetectable HIV-1 RNA plasma concentration at study day 43. The remaining 2 patients had baseline HIV-1 RNA plasma concentrations of 1157 and 2296 copies/mL, respectively. HIV-1 RNA plasma concentrations at study day 43 were 1032 and 16,479 copies/ mL, respectively.
Safety
The combination of efavirenz and nevirapine was well tolerated in all but 2 patients. One patient experienced nausea and felt unwell when nevirapine was introduced and withdrew from the study. A second patient reported peripheral neuropathy after nevirapine was added to his regimen. He did not drop out of the study. In all evaluable patients, no changes were seen in ALT, AST, bilirubin, alkaline phosphatase, serum creatinine, or hemoglobin levels.
Pharmacokinetic Analysis
Efavirenz 600 mg once daily. The median plasma concentration of efavirenz versus time curves determined on the pharmacokinetic study days are shown in figure 1. Table 2 lists median values (and interquartile ranges [IQRs]) of the plasma pharmacokinetic parameters of efavirenz alone and in combination with nevirapine. Exposure to efavirenz, as measured by the AUC [0-24 h] , was significantly decreased when nevirapine was added (
). The median decrease in AUC [0-24 h] was 22% P p .001 (IQR, 13%-41%). The C max and C min were also significantly decreased ( and , respectively). The median de-P p .048 P p .001 crease in the C max was 17% (IQR, 0%-33%), and the median decrease in the plasma trough concentration was 36% (IQR, 21%-52%).
Nevirapine 400 mg once daily. The median nevirapine plasma concentration versus time curves of patients participating in this study and of the historical controls are shown in figure 2 . Median values (and IQRs) of the steady-state plasma pharmacokinetics of nevirapine in a dosage of 400 mg once daily alone (historical controls) and in combination with efavirenz, are shown in table 3. The exposure to nevirapine, as measured by the AUC [0-24 h] , was not significantly different in the 2 groups ( ). Fur-P p .62 thermore, the values for the C max , C min , T max , t ½ , Cl/F, and V/F were not significantly different ( ). P у .07
Discussion
This study was performed to investigate the steady-state pharmacokinetics of efavirenz and nevirapine when used in combination in HIV-1-infected persons. The results demonstrate that exposure to efavirenz is significantly decreased in combination with nevirapine (median decrease in AUC [0-24 h] and in C min , 22% and 36%, respectively). The difference between the elimination half-lives of efavirenz on study days 29 and 43 seemed substantial, but these values should be interpreted with care, since the sampling time was only 24 h. There were a few differences between the study population and the historical controls. Five historical controls were women (compared with all men in the study population), and some used у1 PI in combination with nevirapine. In a phase 1 study in 30 healthy volunteers (15 women and 15 men), the apparent volume of distribution of nevirapine was higher in the female subjects than in the male subjects. However, the difference was offset by a slightly shorter terminal phase half-life in the women, resulting in no significant sex-related difference in nevirapine plasma concentrations [14] . The influence of nevirapine on the pharmacokinetics of concomitantly administered PIs is substantial, but the effect of PIs on the pharmacokinetics of nevirapine is negligible [15] . However, due to these differences between the study population and the historical controls, we can conclude from this study only that the exposure to nevirapine appears to be unaffected by coadministration of efavirenz, when compared with historical control data.
The metabolism of both efavirenz and nevirapine is an autoinducible enzymatic process. When nevirapine is added to efavirenz, the exposure to efavirenz is decreased, most likely due to increased metabolism. The clinical relevance of a decrease in the exposure to efavirenz is not known. However, since efavirenz and other NNRTIs have intrinsic pharmacologic activity, correlations between the plasma drug concentration and virologic response are anticipated. For PIs, strong indications exist that the virologic effects are associated with the pharmacologic exposure [16] [17] [18] [19] . For NNRTIs, 1 study reported a correlation between efavirenz trough concentrations and virologic response [20] . In this study, treatment failure was 3 times as frequent in patients with a trough concentration !3.5 mM (!1.1 mg/L) as in patients with higher trough concentrations. Until now, 2 studies have reported relationships between nevirapine plasma concentrations and virologic effect [21, 22] . The first study (51 patients) described relationships between nevirapine exposure and initial virus clearance, the duration of virologic response, and the achievement of an undetectable HIV-1 RNA concentration after 52 weeks of treatment. The second (with 7 patients) reported a correlation between nevirapine trough concentrations and a decrease in immune complexdissociated serum HIV p24 antigen levels. No data are yet ) and nevirapine in n p 20 combination with efavirenz ( ). Vertical bars indicate interquartile ranges. n p 14 a See [13] . b For differences between pharmacokinetic parameters of nevirapine with and without coadministration of efavirenz (Mann-Whitney U test).
available regarding the minimum exposure or plasma concentration of efavirenz or nevirapine that should be reached to provide adequate suppression of viral replication-or even to establish whether this is clinically relevant. During this study, the combined use of efavirenz and nevirapine for 4 weeks appeared to be safe. No rash or other serious adverse events were reported when nevirapine was added to the efavirenz-containing regimen. Only 1 patient discontinued study participation when nevirapine was added to the efavirenzcontaining regimen. Another patient reported peripheral neuropathy when nevirapine was added but remained in the study.
No significant changes in ALT, AST, bilirubin, alkaline phosphatase, serum creatinine, or hemoglobin levels were observed. One patient had a substantial increase in HIV-1 RNA plasma concentration (from 2296 at baseline to 16,479 HIV-1 RNA copies/mL at the end of the study). Neither the exposure (measured as AUC) to efavirenz on both study days (60.23 and 51.32 h*mg/L, respectively) nor the exposure to nevirapine on study day 43 (101.43 h*mg/L) was decreased, in comparison with the median values observed in the study population. Thus, the exposure to either of the NNRTIs explains the increase in HIV-1 RNA plasma concentration.
In conclusion, our results show a decreased exposure to efavirenz, when used in combination with nevirapine. More pharmacokinetic studies are needed to assess which efavirenz dose will result in the same efavirenz exposure achieved when efavirenz is used without nevirapine. These results also suggest that the nevirapine dose may not need modification when used with efavirenz, but again, well-controlled pharmacokinetic studies are needed before such a recommendation can be made.
